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Abstract

It is observed that, when a laser beam is allowed to fall on a shock surface at a grazing

incidence, a small part of the beam spreads out in a thin, diverging sheet of light normal to the

surface, and both upstream and downstream of the shock. The phenomenon is visualized by

observing a cross section of the light sheet on a screen placed normal to the laser path after it

touches a shock. The light sheet disappears when the beam is moved to any other locations

where there is no shock or the beam pierces the shock surface, i.e., at a non-grazing incidence.

The spread angle of the light sheet is considerably higher than the angle by which the beam may

bend as it passes through the shock, which produces a small difference of refractive index.

Various details indicate that the spread light is a result of diffraction of a small part of the laser

beam by the shock whose thickness is nearly the same as that of the laser wavelength. Shocks

formed in underexpanded free jets of fully expanded Mach numbers 1.4 to 1.8 are used for this

experiment.

The above optical phenomenon is used as the basis of a novel shock detection technique

which depends on sensing the spread light using a photomultiplier tube (PMT). The locations

of the shock surfaces in the underexpanded supersonic jet, obtained using this technique, match

with those inferred from the Schlieren photographs and velocity measurements. Moreover, if the

shock oscillates, a periodic PMT signal is obtained which provides information about the

frequency and amplitude of shock motion.

I. INTRODUCTION

The present paper describes a newly observed optical phenomenon that arises when a

laser beam touches the surface of discontinuity produced by a shock, and a shock detection

technique based on this phenomenon. Shocks formed inside underexpanded supersonic jets are

used to demonstrate the optical phenomenon as well as to validate the shock detection technique.

First, a brief description of the optical phenomenon is presented.

It is observed that, when a laser beam is allowed to become tangent to a shock surface,

a small part of light from the beam diverges out in a thin sheet from the point of interaction.

Figure 1 shows a schematic of this phenomenon. A conical shock surface is considered in this

figure. A laser beam is moved to three different axial locations parallel to the axis of the cone.

It is shown that a light sheet appears at location B, where the beam is tangent (i.e., at a grazing
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incidence)to theshocksurface. When the beam is moved to the location C, where it pierces the

shock surface, i.e., at an incidence angle other than the grazing one, the spread light disappears.

The curvature of the shock surface is not responsible for the optical phenomenon, since, an

interaction with a normal shock produces the same effect.

Possible physical reasons behind this optical phenomenon are discussed in the text. It

is shown that the simple bending of the laser beam across the small difference in the refractive

index produced across a shock is too small to be detected in this experiment and is incapable of

explaining the observed phenomenon. Deflection of a laser beam while crossing a shock has
been calculated (Kriksunov and Pliev 1) and measured (Fails and Byer 2) following the Paraxial

ray equation (Casperson 3, Born and Wolf*). The angular deflection of the beam has been found

to be very small, typically fraction of a degree; while the spread angle (0) of the light sheet

associated with the present optical phenomenon is large, between 10 ° to 25 ° depending on the

shock strength.

Propagation of electromagnetic waves through a medium of varying refractive index, such

as that produced by a random turbulent field, is a classical problem and has been addressed by

many researchers, e.g., Tatarskii 5 and Clifford 6. In all such analysis a fundamental assumption

is a slow spatial variation of the refractive index such that the gradient is negligible. Across a

shock, the absolute change of refractive index is small, but the gradient is very high as the

change occurs over the shock thickness which is as short as the optical wavelength. Therefore,

the above analyses are inadequate to explain the observed shock-laser interaction phenomenon.

Various details observed in the visualization photographs indicate that a part of the laser beam

might have been diffracted by the shock wave. The reasoning leading to this conclusion are

discussed following a presentation of the photographic evidences.

Traditionally, all shock detection techniques, e.g., Schlieren (MerzkirchT), Shadowgraph

(Sajben and Crites 8) and Tomograph (Fails and Byer2), are based on the principle of simple
deflection of a light ray while crossing the refractive index difference produced across a shock.

The detection technique presented in this paper, on the other hand, depends on the diffraction

phenomenon as described earlier. A simple arrangement is made in which the appearance of the

light sheet is sensed using a photomultiplier tube (PMT). When a shock containing flowfield is

scanned by a laser beam, a non-zero voltage output from the PMT circuit is obtained only when

the beam is tangential to the shock surface. The technique was validated in the shock containing

plumes of supersonic underexpanded jets, by comparing the shock locations identified by the

present optical technique, Schlieren photography and a limited Laser Doppler Velocimetry

measurement of the jet centerline velocity. Excellent agreement is found in the shock locations

identified by all of these methods. In addition it is shown that the present method is able to

provide the frequency and amplitude of the oscillating shock waves. The formation and the

passage of the organized, turbulent structures in the shear layer of free, supersonic jets make the

shocks unsteady and also produces intense screech tones and broadband noise (Tam 9, Norum and

Seinerl°). Shocks are found to oscillate at the screech frequency. A detailed account and a

comparison of this technique to the Schlieren method is presented in the later portion of section

III.
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II. EXPERIMENTAL SET-UP

Jet facility: A schematic of the jet facility used for this experiment is shown in figure 2.

Compressed, dry (dew point = -68°C) air at room temperature is supplied at the left into the

203 mm diameter plenum. The air successively flows through perforated plates, an acoustically

treated section (to reduce the upstream valve and entrance noise), a turbulence management

section containing a set of coarse and fine screens and an area contraction of 64 before

discharging into the ambient air through a 25.4 mm diameter convergent nozzle. There is a

provision to inject seed particles in the plenum for LDV measurements. The fully expanded

Mach numbers of the underexpanded supersonic jets used in the present experiment were in the

range 1.2 to 1.8. The jet Mach number was varied by changing the supply pressure to the

plenum through a set of remote-controlled and manually operated valves. The noise

characteristics of the jets were measured by a microphone, mounted at the nozzle lip, facing the

downstream direction.

Schlieren system: A standard Schlieren system using two 100 mm diameter spherical mirrors

was used to visualize the shock containing plume. The knife edge position was vertical;

therefore, the horizontal density gradient is visible in all the photographs presented in this paper.

Light from the knife edge was allowed to fall directly on a Nikon F4 camera which permitted

a maximum shutter speed of 1/8000th of a second. Photographs taken with a steady light as well

as with a single spark are presented in this paper. Since the Schlieren system permitted viewing

only a relatively small axial distance (less than four jet diameters), the whole system was moved

to different downstream locations to be able to visualize a longer extent of the flowfield.

Laser Doppler Velocimetry (LDV): Only a limited amount of time averaged axial velocity data

obtained from a 1-component, dual-beam, forward scatter, LDV system will be presented in this

paper. The LDV system consists of a 4-Watt, Lexel, Argon-ion Laser as the light source, a TSI

Colorburst unit (TSI 9201) for color separation and beam splitting purposes, fibre-optic cables

and a two-component fibre optic probe (TSI 9118). To minimize the particle lag in the shock

containing plume, very small diameter (0.6 #m) polystyrene latex (PSL) spheres were used as

seed particles. The Doppler burst frequency was measured by a TSI 1990C signal processor. The

LDV system had a fringe spacing of 3.6/zm, with a probe volume diameter of 0.16 mm and

length of 1.7 ram. The Doppler frequency from the supersonic jet flow was very high and

frequently overshot the measurable limit of about 150 MHz of the TSI counters. To overcome

this difficulty, a 40 MHz frequency shift was used. The fringes were continuously moved along

the direction of the flow; thereby reducing the effective Doppler shift frequency. Only time

averaged velocity measurements are presented in this paper.

m. RESULTS AND DISCUSSION

The optical phenomenon and the shock detection technique were studied in the

underexpanded supersonic jets generated from the facility shown in figure 2. The flowfield of

such a jet contains quasi-periodic shock cell structures which are formed as the jet adjusts to the

difference between the nozzle exit pressure and the ambient pressure (Shapiro11). Each shock cell



containsan expansion region through which the jet velocity increases, and an oblique or normal

shock (Mach disk) across which the jet velocity drops suddenly. The optical phenomenon of

interest is demonstrated as the result of an interaction between a laser beam and the first shock

surface formed in such jets. The light sheet, which diverges away from the main beam from the

point of interaction, is studied by placing a semi-transparent screen normal to the beam path. In

the following, details of the optical set-up, visualization photographs, and possible physical

reasons behind this phenomenon are discussed first. The shock detection technique is discussed

next. In many ways the technique is superior to the conventional Schlieren method in detecting

the location and unsteadiness of shocks. Measurement of shock unsteadiness and relative merits

of the present method over the Schlieren method are discussed at the end of this section.

A. Optical Phenomenon: Visualization

The laser beam, used for studying the light spreading phenomenon, is a part of the fibre-

optic, Laser Doppler Velocimetry (LDV) system described earlier. However, to study the light

spreading phenomenon, only one of the beams (green, 0.514 #m wavelength) was used and the
rest were blocked. The diameter of the beam out of the optical fibre is about 2 mm which is then

focused at the jet centerline to a diameter of 0.16 mm.

Figure 3 shows a schematic of the visualization set-up. The laser beam, after passing

through the jet flowfield normal to its axis, is allowed to fall on a semi-transparent screen. The

screen is made of a piece of semi-transparent graph paper whose optical behavior is similar to

a ground glass. It was mounted parallel to, and 280 mm away from the jet axis. Therefore, a

normal cross-section of the light sheet was visible on the screen. It was found that the relatively

weak light from the spread portion of the beam became completely overwhelmed by the intense

main beam if the latter was allowed to fall directly on the screen. Therefore, a small, 4.8 mm

diameter hole was made in the screen to allow the main beam to go through. The light pattern

on the semi-transparent screen was photographed by a 35 rnm Nikon F4 camera and are

presented in the next two figures. The optical set-up (fibre-optic probe, screen and the beam

stop; figure 3) was mounted on a 3-axis Klinger traversing unit which allowed it to be moved

along the streamwise and the transverse directions.

For the photographs, demonstrating the laser shock interaction, the first shock surface

formed inside underexpanded jets is used. This shock is relatively steady and can be of different

shape. Flow direction in all photographs is from left to right, and the laser power used is low:

50 to 100 mW. To identify and visualize the shock surfaces, Schlieren photographs of the jet

flowfields are also presented. A fast shutter speed of 1/4000 second is used for the Schlieren

photographs while a slow shutter speed of 1/15 to 1/8 second is used for the laser light

photographs.

Figure 4(a) shows a Schlieren photograph of the underexpanded jet at a fully-expanded

Mach number 1.4. The 2-dimensional projection of the shock surfaces visible in this photograph

is triangular, indicating conical surfaces in the actual axisymmeWic fiowfield. The apex of the

cone is at the centerline of the jet and the base is formed along the outer periphery containing

the shear layer. Of the two shock surfaces seen in figure 4(a), the first surface oscillates by a

considerably smaller amplitude (less than 2 ram, as discussed later in the text) and therefore, has

a more def'mite boundary. A small measuring scale of 25.4 mm length, kept in the field of view

to provide a measure of distance, is visible at the bottom of the Schlieren picture.
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Figure 4(b) shows the locations of the laser beam with respect to the first shock surface

for the photographs of figure 4(c). The photographs presented in figure 4(c) are normal cross

sections of the light sheet as sketched in the front view of figure 1. As discussed earlier, the

hole, appearing as a dark spot, allows the main laser beam to pass through. In photograph I

(figure 4c), the laser beam is upstream of the shock and any unusual optical phenomenon is

absent. The low level of background illumination on the screen is caused by the reflected light

from the lens surfaces of the fibre-optic probe. In photographs II and III the beam is grazing the

shock surface at z/D = -0.45 and 0.3, respectively. Cross-sections of the light sheet in each of

these photographs appear as two bright rays of light spreading out from the main laser beam in

both upstream and downstream directions normal to the shock surfaces. Notably, the directions

of the light spread are also the direction of local refractive index gradients produced due to the

density difference across the shock. Upon further visual inspections, it is found that the light

sheet is diverging from the laser beam from a location where the beam touches the shock

surface. The divergence angle, 0, of the light sheet, calculated from photograph II is about 10 °

(noting that the screen is placed 280 mm away from the jet axis). The total energy in the light

sheet is a small fraction (between 2% to 4%) of that of the main beam. Both the intensity and

the divergence angle of the light sheet increase as the shock strength is increased. The light sheet

is somewhat brighter in the downstream, higher refractive index side of the shock (this

difference can be seen clearly in the photographs presented in the next figure).

Photograph IV (figure 4c) shows weaker spreading of the beam when it passes through

the base of the shock cone. In this region the shock surface terminates in the shear layer; the

shock pattern is complex and the shock strength is diminished. It should be noted that, for the

present set-up, the light sheet appears only when the laser beam is placed along the triangular,

outer trace of the shock surface shown in figure 4(a). Along this trace, the laser beam is at a

grazing incidence to the shock surface. At any other locations where there are no shocks or the

beam pierces through the conical shock surface, i.e., at a non-grazing incidence, the photograph

of the screen is similar to that of I (figure 4c).

Figure 5 shows photographs similar to those of figure 4, but for a fully expanded Mach

number of 1.8. The appearance of the fast shock surface is very different; a Mach disk has

formed, the barrel shock from the nozzle lip to the Mach disk is clearer, and there is a reflected

shock from the tip of the Mach disk to the shear layer around the jet (Adamson and Nicholls_2).

The Mach disk is equivalent to a normal shock across which the jet velocity drops from

supersonic to subsonic Mach numbers. In three dimensions the Mach disk and the reflected

shock appear as a truncated cone. Each photograph of figure 5(b) shows a few faint lines

corresponding to the shock boundary. These lines are formed as a result of the shadowgraph

image of the first shock cell on the screen produced by the low level, background illumination.

Photographs I, II and III of figure 5Co) were obtained by traversing the laser beam in the

axial direction, across the Mach disk. For the latter two photographs, the laser beam was moved

downstream by, respectively, 0.3 mm and 0.6 mm from its position in photograph I. At location

I the beam just touches the upstream side of the Mach disk. The pattern on the screen shows

definite secondary maxima in the light intensity distribution on both sides of the shock. Visual

investigation revealed one more maximum further to the right beyond the width of the screen.

The angular distance between the main beam and each of the secondary maxima, estimated from

photograph I of figure 5(b), is quite large, about 12.5 °. As the beam is moved further



downstream,very slowly throughthe shock, the secondarymaximacomecloser to the beam
forming a continuouslight sheet.In photographII thedivergenceangleof the light sheetis still
very high, about 20*. It is believedthat, in this photograph,the Mach disk is nearly at the
centerof the beamcross-sectionand in III it is to the left, but still touchinga portion of the
beam. In the latter photograph,the light ray on the upstreamside of the shock is very weak
indicatinga dimmer light sheet.In photographIV thebeamwasmovedto a positionwhereall
three shocksurfaces(the barrel shock, the Mach disk and the reflecting shock)merge. As
expected,the photographindicateslight sheetsformed alongdirectionsnormal to eachof the
shocksurface.

Thespreadlight patternis foundto beindependentof thepolarizationof the laserbeam.
This wasobservedby changingpolarizationof the incidentbeamthrougha polarizationrotator
placed in front of the fibre-optic probe. The light sheetwas also visible when the blue beam
(wavelength= .488#m) insteadof the green(.514 #m) wasused.

B. Discussion of possible physical reasons:

The optical phenomenon can not be described as light scattering from small particles

since, the basic pattern and directivity of the light sheet is uncharacteristic of scattered light from

small particles. Moreover, clean and dry air of dew point of-680C was used; this eliminates the

possibility of significant condensation in the flow.
A light beam is deflected from its original path as it passes through the shock. However,

the deflection of the primary beam was so small that it always passed through the 4.8 mm hole

made on the screen. Another relevant concern is the effect of shock unsteadiness. The first shock

was oscillating by less than + 1 mm (to be shown later) about its mean position. However, the

resulting oscillation of the laser beam was to small too be detected, as the beam passed through

the central hole on the screen independent of the appearance or disappearance of the light sheet.

It should be emphasized here that the light pattern observed on the screen is not due to any

deflection of the laser beam, but is a result of spreading of a small fraction of light from the

main beam. A farther analysis of the associated flow and optical parameters and the

inapplicability of the Geometrical Optics to explain the observed phenomenon are discussed in

the following.

A significant change of pressure, temperature and density of the gas across a shock wave

is accompanied by a change in the refractive index. Upstream of the shock is a region of lower
refractive index and downstream is a region of higher refractive index. For the Mach disk of

Mj = 1.8 jet (which corresponds to the photographs of figure 5) various parameters are
estimated and are shown in Table I. The Mach number upstream of the Mach disk is obtained

from the solution of the axial velocity distribution along the centerline of an axisymmetric jet

by *wen and ThomhilP 3. The solution is valid up to the first shock surface formed in

underexpanded jets from a sonic nozzle (Adamson and Nichollst2). The downstream Mach

number is obtained by using normal shock relations. The static pressure and air density are

calculated using isentropic relations from the known total pressure and total temperature. After

knowing the air density, the refractive indices upstream and downstream of the Mach disk are

calculated using the Gladstone-Dale formula; (n-1)=k_o, k=Gladstone-Dale constant

(MerzldxchT). From various earlier measurements and analytical solution of the Navier-Stokes

equations it is known that the thickness of the normal shock varies between 3 to 5 molecular free
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paths(seeCowanand Hornig14,Sherman15),which is calculatedfrom the estimatedupstream
staticpressureandtemperature(SmithsonianPhysicalTable16).

As mentionedearlier, the changein therefractive indexeven acrossthe Mach disk, as
shownin Table I, is small. Thebeamsteeringeffectdueto refractionof light acrossthe shock
is also expectedto be small. The analysesof Kriksunov and Pliev1and Faris and Byer2 of
deflectionof light acrossa shock,basedon the paraxialray equation,show that the expected
deflectionangle isonly afractionof a degree,while themeasuredspreadangleof the light sheet
isbetween10° and25°. Thephenomenonappearswhenthelaserbeamistangentialto theshock
surface. In this conditionthe thicknessof the shockplays an important role. The situation is
shownin Figure 6. A cross-sectionof the beamis seenin this figure. The shockrepresentsan
interface, along the direction of beampropagation,separatingtwo homogeneousmedia. As
shown in Table I, the thicknessof this interface is nearly the same as that of the light
wavelength.In this situationthefundamentalapproximationof theGeometricalOptics, i.e., the
length scale over which any changeof optical property may occur is much longer than the
wavelengthof the light (BornandWolf4),is violated.Therefore,calculationsbasedon therules
of geometricalopticssuchasthe paraxialray equationbecomesinvalid andcannotaccountfor
theobservedphenomenon.Anotherevidencedemonstratingthefailure of theGeometricalOptics
is the upstreampart of the light sheet.Nearlyhalf of the spreadlight appearsupstreamof the
shockwhich is opposite to the direction of the gradient of refractive index created across a

shock. Yet, according to the laws of the Geometrical Optics, the laser beam is expected to bend

only along the direction of refractive index gradient.
Diffraction of the laser beam is naturally expected in such a situation. Possibly, a part

of the beam around the thin shock is diffracted forming the diverging light sheet whose cross-

section is visible in Figs. 4 and 5. The secondary maxima visible in photograph I of figure 5(b)

supports this argument. The present optical phenomenon should also appear in Schlieren and

Shadowgraph images of shock containing flowfields. However, in these techniques the

illuminance (luminous intensity per unit area) around the shock is far less than that of the laser

beam used for the present experiment. Therefore, the faint diffracted light becomes undetectable

in the final image.

The observed optical phenomenon is a challenging problem in any account, and further

study is needed for a better understanding of this problem.

C. Shock Detection Technique:

The optical phenomenon, described above, is conveniently used as the basis of an unique

shock detection technique. It depends on scanning a shock containing flowfield with a laser beam

and sensing the presence of the spread light using a photomultiplier tube (PMT). The incident

beam locations which correspond to the non-zero PMT signal are the shock locations.

Figure 7 shows a schematic of the set-up which is similar to that used for the

visualization purpose except for the light collecting and sensing devices that replace the screen.
Just in front of the 60 mm diameter collecting lens is a 13 mm diameter beam stop which blocks

the main beam from entering the collecting optics. However, the diameter of the beam stop is

small enough to allow most of the spread light from the diverging light sheet to enter the

collecting optics. The collecting lens focusses this light to a 0.2 mm diameter pinhole which then

passes it to a photomultiplier tube (PMT, TSI model 9162). The electrical output from the PMT
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is connectedacrossa 50 Ohm terminator(not shownin figure 7). The voltagedrop across the

terminator is proportional to the PMT current and, therefore, is an indicator of the intensity of

the collected light. As with the visualization arrangement, the complete optical set-up was

mounted on a 3-axis Klinger traversing unit which allowed it to be moved along the streamwise

and the transverse directions within an accuracy of .025 mm. Under normal circumstances no

light from the laser beam reaches the PMT. However, if the optical arrangement is moved to

a location where the laser beam touches a shock surface, a part of the spread light is collected

and sensed by the PMT which then produces a non-zero output. The analogue voltage signals

from the PMT, as well as the microphone outputs, were digitized using a dsp Technology

sample-and-hold digital converter and then stored and processed by a Microvax 3300 computer.

Figure 8 shows the voltage-time traces obtained from the PMT when the laser beam was

placed at three closely spaced axial stations near the apex of the first shock surface in the Mj =

1.4 jet. Figure 8(b) was obtained when the beam touched the shock surface. Figures 8(a) and

8(c) correspond to locations, respectively, 2.5 mm upstream and 2.5 mm downstream from that

of figure 8(b). In the former, there is no shock wave in the path of the laser beam and in the

latter the beam pierces the shock surface. In both of these situations PMT signal was nearly zero

as no light was collected. The nearly periodic negative spikes of figure 8(b) indicate that the

optical phenomenon appears and disappears periodically as the oscillating shock moves in and

out of the laser beam. The amplitude of shock oscillation was nearly ___ 1 °. This will be

discussed later in the text.

The availability of an electrical signal, similar to that of figure 8(b), which is indicative

of a shock surface touching the laser path is the basis of the detection technique. Usually, the

root-mean-square (rms) value of the voltage drop across the PMT is measured as the optical

arrangement is traversed from point to point in the flowfield. Whenever the beam grazes a shock

surface the rms of the PMT voltage jumps from a near zero to a large value. As a shock

containing flowfield is scanned by the laser beam, locations from where a non-zero PMT signal

is obtained, correspond to points on the shock surface.

D. Validation of the technique:

The shock surfaces identified in an underexpanded jet of Mj = 1.4 by this technique are

compared with those inferred from the Schlieren photographs, and LDV measurements of the

velocity distribution. Data obtained by laser surveys and a spark-Schlieren photograph of the f'u'st

shock cell of a Mj = 1.4 jet are shown in figure 9. The markers seen at the bottom of figure

9(a) are placed one jet nozzle diameter apart. The rms value of the voltage drop across the

PMT, obtained as the flowfield is surveyed at three radial locations, are shown in figures 9(b),

(c) and (d). At z/D=0.45 (close to the shear layer) the Schlieren photograph indicates the

presence of the shock surface at about x/D = 1.2. The laser survey (figure 9b) also indicates

a large rms voltage around the same axial position. At the other two radial locations, centerline

and z/D = 0.2, the light sheet is expected to appear twice. First, when it touches the conical

shock boundary and second when it touches the base of the cone. As mentioned earlier, at the

latter location the shock splits into many 'legs' as it ends in the shear layer and any one of these

'legs' can be tangential to the laser beam. The laser surveys of figure 9(c) and (d) show large

rms voltages exactly around these expected locations as identified from the Schlieren photograph.
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The third spike in the centerline survey (figure 9d) is possibly due to another shock-like

discontinuity seen further downstream of the first shock in the Schlieren photograph.

The data shown in figure 9 are in the vicinity of the first shock cell only. The spark

Schlieren photographs, laser survey and the Mach number distribution along the centerline

coveting all shocks formed in Mj = 1.4 jet are shown in figure 10. For Schlieren visualization,

mirrors had to be placed at two different axial positions to cover the desired downstream

distance. Therefore, the two photographs of figure 10(a) were taken at different instances and

the knife edge cut-off was also different between them. A marker, consisting of long tubes kept

one nozzle diameter apart, was placed parallel to the jet axis as an indicator of the downstream

distance. It is also used to match the two photographs. The spark duration time (> 60 _s) was

too long to freeze the motion of the turbulent eddies, yet it was sufficient to stop the motion of

the shocks which move by a relatively smaller amplitude. The first shock surface was the

steadiest and had the best defined boundary. The shock formed further downstream became

increasingly distorted. Unlike the conical appearance of its predecessors the fourth surface

appears almost like a disk.
The centerline laser survey of figure 10(b) is characterized by quasi-periodic regions of

high and nearly zero rms voltages. As mentioned earlier, axial locations of high PMT voltage

correspond to the shock positions. Data up to x/D = 1.5 are the same as presented in figure

9(d). However, a different scale used for the abscissa causes the difference in the appearance.

Good agreement can be seen between the shock positions identified in the laser survey (figure

10b) and those seen along the centerline of the Schlieren photograph (figure 10a). The origin of

the distinct spikes around the first shock surface is explained earlier. However, the variation of

the rms voltage around the subsequent shocks is difficult to explain. It is believed that the large

turbulent structures, present in such jets, progressively distort the shocks formed further

downstream. However, further studies are necessary to understand the unsteadiness of different

shocks formed inside underexpanded jets.

Figure 10(c) shows the centerline Mach number distribution obtained from the LDV

measurements of the time averaged axial component of velocity. The purpose of the LDV data

is to identify the shock locations. Therefore, measurement inaccuracies due to particle lag will

not be discussed here. The Mach number distribution, calculated from the time averaged axial

velocity measurements, shows many undulations with the local value overshooting the fully

expanded jet Mach number and then dropping close to unity. The regions over which the local

Mach number increases correspond to the expansion regions of the jet and the axial stations

where the Mach number starts to drop can be considered as the shock locations. The shock

locations indicated from the LDV data match with the corresponding locations indicated by the

laser survey. This reconfirms the usefulness of the present optical technique in identifying the

shock locations.

E. Measurement of shock unsteadiness

It has been shown in figure 8(b) that an unsteady PMT signal is obtained when the laser

beam is positioned to touch an oscillatory shock. A spectral analysis of the unsteady PMT signal

provides the frequency of shock oscillation. Figure 11 shows a comparison between an acoustic

spectrum measured using a microphone and spectra of the shock motion obtained from the PMT

signal. The microphone was placed at the nozzle lip (see figure 2) to monitor the jet noise.
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Peaks,seenin thenarrow-bandnoise spectrum of the Mj = 1.4 jet (figure 11a), correspond to

the screech frequency (5.5 kHz) and a few of its harmonics. Figure ll(b) presents two spectra

of the PMT signal when the laser beam was positioned on the first two shock surfaces

individually. Both spectra show distinct peaks at the fundamental and harmonic of the screech

frequency, which indicates that both shocks oscillate primarily at the screech frequency. This

observation is supported by an earlier experiment of Lessiter and Hubbard 17who photographed

shadowgraph images of the jet using high speed movie camera to determine the frequency of

shock motion.

The amplitude of shock oscillation can also be determined by using the present shock

detection technique. This is best demonstrated through figure 9, where data from laser survey

around the first shock surface is presented. For every encounter with the shock surface, a high

value of the PMT signal is obtained over an axial extent through which the shock oscillates. This

is seen as the width of the high rms regions in figures 9(b), (c) and (d). The average width is

measured to be 0.67d (1.7 mm), which represents the amplitude of oscillation of the first shock

surface. The measurement is accurate within the laser beam diameter, 0.16 mm for the present

case.

F. Comparison with Schlieren and shadowgraph methods.

As a shock detection technique, there are a few definite advantages of the present optical

method over the Schlieren or the shadowgraph methods. First, both of the latter two methods

depend on the density fluctuations in the flowfield. Such density changes can be caused by

various sources, such as random turbulent fluctuations, variation of concentration of different

species as well as by shock waves. In principle, neither the Schlieren nor the Shadowgraph
method can differentiate the density changes only due to the shock wave from the other sources.

The problem becomes especially acute if one wies to obtain quantitative data from Schiieren

images using a light sensing device (PowelllS). The present optical technique, on the other hand,

depends on a sharp density change over a very small distance, found only in the shock waves.

Therefore, properties of the shock surfaces can be measured without any ambiguity using this

technique.
The second advantage of the current method lies in its simplicity and accessibility. The

large Schlieren mirrors and the other accessories are difficult to use in a complex flow geometry,

such as a turbomachinery flow passage. However, the current method depends on a thin laser

beam that is far more accessible and can be used much more conveniently in complex

geometries.

The present optical technique is nonintrusive and is useful for a point by point survey to

provide quantitative information about the exact locations and unsteadiness of shocks. However,

it does not provide a global view of the fiowfield for which Schlieren or shadowgraph methods

are still necessary.

IV. CONCLUSION

The present paper reports an optical phenomenon, and a shock detection technique based

on this phenomenon. The former is visualized as the appearance of a thin sheet of light diverging

10



from a laser beam which is incident at a grazing angle on a shock surface. The principle features

of the optical phenomenon are summarized as follows:

(a) This phenomenon appears only when the laser beam grazes a shock surface. It

completely disappears at any other incidence.

(b) The divergence angle of the light sheet is very high, between 10 ° to 25 ° depending

upon the shock strength.

(c) The spread light is visible both upstream and downstream of the shock along the

direction of the local gradient of the refractive index.

(d) When the laser beam interacts with a strong normal shock, produced as a Mach disk

in an underexpanded free jet, secondary maxima similar to those observed in a line diffraction

pattern are observed.
(e) The spread light is not affected by any change of polarization of the laser beam.

Scattering from small particles cannot be the source of this spread light. Also a simple

analysis, based on the deflection of the laser beam caused by the small change in refractive index

cannot explain this phenomenon. Since the shock thickness is nearly the same as the wavelength

of the laser light used, it is argued that a steep gradient in the refractive index within such a

short distance may have diffracted a part of the laser beam. The problem is a challenging one

and further research is necessary to explain this phenomenon.

This optical phenomenon is conveniently used as the basis of a novel shock detection

technique to identify the location of a shock and to quantify its unsteady motion. The technique

is based on sensing light that falls far away from the main laser beam as it touches a shock

surface. Excellent agreement is found in the shock locations identified by this technique and

those identified through Schlieren photography and velocity measurements. As a demonstration

of the usefulness of this technique in measuring shock unsteadiness, frequency and amplitude of

the oscillating shocks in underexpanded free jets are also measured. The frequency is found to

be the same as that of the screech tone emitted by the jet.
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Table I. Estimated values of parameters relevant to the optical phenomenon observed in

Mj = 1.8 jet (figure 5).

Parameter Upstream of Downstream

Mach disk

Mach No. (M) 3.25 0.46

Static pressure (p) 10.8 kPa 496 kPa

Density (p) 0.4 kg/m 3 6.16 kg/m 3

Refractive index (n) 1.00009 1.0014

Shock thickness: between 0.37/zm and 0.62/zm

Laser Wavelength: 0.514/_m
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Figure 1 .---Schematic of the optical phenomenon. A, B, and
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Figure 3.---Schematic of the arrangement to photograph a cross-
section of the light sheet. The screen is parallel to the jet axis.
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(a)

(c)
Figure 4.---Optical phenomenon as a laser beam crosses Mj = 1.4 underexpanded jet. (a) Schlieren photograph, (b) Sketch of first

shock cell and locations of the laser beam, (c) Cross-sectional views of the light sheet from indicated location.
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(a)

(b)

Figure 5._pticel phenomenon as a laser beam crosses Mj = 1.8 underexpanded jet. (a) Schlieren

photograph and locations of the laser beam. Locations H and HI are, respectively, 0.3 mm and

0.6 mm downstream from [. (b) Cross-sectional views of the light sheet from indicated locations.
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